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3.3 kV S1C JBS diodes employing a P,Os surface
passivation treatment to improve electrical
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Abstract—3.3 KV Schottky barrier diodes and Junction
Barrier Schottky diodes have been fabricated, employing a
phosphorous pentoxide (P20s) surface treatment prior to metal
deposition in an attempt to further condition the power device’s
interface. For SBD structures, the treatment consistently
reduces the leakage current in molybdenum, tungsten and
niobium SBDs, for the tungsten treatment by more than four
orders of magnitude. X-ray photoelectron spectroscopy (XPS)
analysis on the treated SBD interface revealed formation of a
metal phosphate between P2Os and the metal. When compared
to an untreated sample, the P2Os treatment has increased the
valence band to fermi level offset by 0.2 eV to 3.25 eV, indicating
that the treatment results in a degenerately n-doped SiC surface.
When applied to fully optimised 3.3 kV JBS power structures
utilizing a hybrid JTE design, P2Os treatments improved
blocking capabilities across the entire dataset by as much as
1,000 V.

Keywords—Schottky diodes, surface conditioning,
Phosphorous pentoxide, refractory metals, XPS

I. INTRODUCTION

Silicon carbide (SiC) and its unique material properties,
including lower specific on-resistance and higher critical
electric field compared to silicon (Si), have established it as
the most mature amongst the wide bandgap semiconductor
materials. SiC Schottky barrier diodes remain the most
prominent and reliable SiC devices, with improvements still
ongoing. At 1700 V, junction barrier Schottky (JBS) diodes
offer lower losses and higher frequency switching than Si PiIN
diodes, giving it a dominant market position [1, 2].

The wide bandgap of SiC leads to a high Schottky barrier
height (SBH) at the metal-semiconductor interface, relative to
Si. However, the SBH can be controlled by the choice of
Schottky metal, leading to a trade-off between low forward
voltage drop (Vr) and low reverse current (Ir). The use of
titanium (T1) on SiC results in a relatively low SBH (1.17 eV
[3]), which favours Vr reduction over Ir. Ti has become the
industry standard metal, preferred over nickel (Ni), which
results in a relatively high SBH (~1.35 eV [2]). Recently, the
trend towards lower SBHs has been taken further, with a shift
towards molybdenum (Mo)[4], and molybdenum nitride
(MoN) [3, 5], the latter further reducing the SBH to 0.86 eV.
Further attempts to modulate the barrier height by varying the
annealing temperatures have been undertaken in titanium (T1)
[6], tungsten (W) [7] and tungsten carbide (WC) [8, 9] as well
as on Schottky diodes on more heavily doped epitaxial layers
[10, 11]. Recently, the use of surface treatments prior to metal
deposition has been shown to further influence this key trade-
off between using different metals [4]. The use of a novel
phosphorous pentoxide (P,Os) treatment, applied prior to
metallisation, was shown to highly dope the SiC subsurface to
a depth of no more than 50 nm, lowering the SBH by an
average of 0.11 eV, but yet it also reduced the Ir by an average
of two orders of magnitude. The high-melting point of Mo is
key to this, as it prevents the formation of silicides during the
Schottky contact anneal, leaving the enhancement of the
subsurface in place. For metals with lower melting points,
such as Ti and Ni, which form silicides, the P,Os enhancement
has no effect.

In this paper, the first fully optimized 3.3 kV JBS diodes
are produced using the P,Os enhancement. Given the prior
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Figure 2: Detailed JBS designs of : (left) the half-cell of the active area,
using a shallow, highly doped p+ implant on top of the JTE implant;
(right) the hybrid termination consisting of P+ rings and multiple JTE

rings. P+ ring widths are fixed at 3 um (3, 3, 4, 6, 8, 11 um gaps). JTE
ring widths are 14, 11,7, 5,4 and 3 um (3, 3,4, 5, 7 and 9 pm gaps).

success of the refractory metal Mo, this process is applied to
other refractory metals, tungsten (W) and niobium (Nb) for the
first time. The reasons for the enhancement are then
investigated via XPS. Finally, the P,Os treated Nb and Mo
diodes are then developed into fully optimised JTE-terminated
3.3 kV JBS diodes to see how the P,Os treatment affects high
voltage leakage currents, the device breakdown and the on-
state.

II. DEVICE FABRICATION

Two types of diodes were fabricated, shown in Fig. 1.
Simple, small area (4.39 x 102 mm?) mesa isolated Schottky
diodes, without termination, were first produced to test the
effects of the P>Os treatment across various metal contacts.
Then, fully optimised JBS diodes (active areas 1.56 mm? and
42.25 mm?) were then produced such that the P,Os treatment
could be trialled on an industry standard process to high
current and high reverse voltage. A novel hybrid termination
design is shown in Fig.2 and was optimised for the 3.3 kV JBS
diodes. This comprised of P+ floating rings comprising
(75 um total width, 200 nm depth, 3 x 10" cm™ box profile
doping) and multiple floating JTE rings (75 pm total width,
500 nm depth, 2 x 10" cm™ box profile doping), both utilising
Al+ implants at 500°C. These same two implants were used to
form the P region in the active area, shown in Fig.2 (left), to
shift the electric field away from the substrate. Both devices
were fabricated ona4 x 10" cm™ nitrogen-doped, 35 pum thick
4H-SiC drift region, which was grown on highly n- doped
substrates. The wafers were laser-cut into 2cm x 2cm chips,
before they were cleaned using a standard RCA 1/HF (10%)/
RCA 2/ HF (10%) process. After performing both p-implants
in the JBS diodes, they underwent post-implantation
activation at 1,650°C for 45 minutes, followed by a sacrificial
oxidation step at 1,300°C for 2 hours in nitrous oxide ambient.
Both the Schottky and JBS diodes then underwent the P,Os
deposition process at 1,000°C for 2 hrs in N> ambient, detailed
in [4]. The P,Os was then removed in dilute HF (10%) before
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Figure 3: Ideality factors and SBHs for the Schottky diodes, measured
between 1 x 107 and 10 A cm™.

0
10 I 25%~75% E e :
il 10_1 I 10%'_"90%_ —— _;
"‘E — Median Line E
San2[ | 4
g
1, !
2 ]
g 10° ;
= 3 3
38
3 10 o
@ g
MR :
x 107 ¢ 3
3 ! % E
= 10° 1
10-9 1 1

Mo Mo P Nb NbP W WP

Figure 4: Leakage current densities of more than 100 devices each,
measured at -200 V, for a device area of 4.39 x 10 cm?.

a | pm thick field oxide (silicon dioxide) was deposited. Ti
(30 nm)/Ni (100 nm) ohmic contacts were then formed on the
backside of the samples after an RTA at 1,000°C for 2 minutes
in Ar (5 slm) ambient. In the next step, 100 nm thick Schottky
contact metals (Mo, Nb or W) were deposited, then annealed
at 500°C for 2 minutes. Finally, a I um thick Al metal overlay
was evaporated on top of the Schottky contact to serve as a
field plate, and to aid wire-bonding for switching tests.

IITI. SCHOTTKY DIODE ELECTRICAL RESULTS

The rectifying characteristics of the unterminated W, Nb
and Mo Schottky diodes were auto-probed at room
temperature using a Keysight B1505A with a Semiprobe
semi-automatic probe station. On-state parameters ideality
factor (n) and SBH were extracted for at least 50 devices (Fig.
3), each under the assumption that thermionic emission (TE)
is the governing transport mechanism. The leakage current
density (Jr) up to -200 V was measured for at least 100 of each
of the devices, shown in Fig. 4. Excellent rectifying
characteristics appear across the entire dataset with a tight
ideality factor distribution, shown in Table 1, with all datasets
having a standard deviation of less than 0.04 A/cm?.



The P,Os-treatment reduced the SBH of the Mo diodes to
1.26 eV, compared to 1.40 eV for the untreated Mo devices
and a reduction in the median Jr of nearly 500x. Untreated Nb
Schottky diodes have a very low average barrier height of 0.78
eV, which is increased using the P,Os treatment to 0.93 eV,
bringing about a reduction in the median Jr by three orders of
magnitude. Similarly, the P,Os treatment resulted in an
increase in SBH from 1.12 to 1.20 eV for the W diodes,
bringing about a reduction in leakage by over 4 orders of
magnitude. Therefore, the PoOs treatment has differing effects
on the SBH, with the barrier height increasing for W and Nb,

TABLE 1: Summary of measured barrier heights (average), ideality
factors (average) and leakage current (median) measured at -200V.
Device area for leakage current measurements is 4.38 x 10 cm?.

Cog?;tmneliial/ SBH (eV) Ideality factor JR(:CZI?I(;)V

Mo 1.409 £ 0.033 1.036 = 0.035 1.835x 10

Mo + P 1.264 £0.036 1.013 £ 0.002 3.715x 10
Nb 0.782+£0.012 1.005 £ 0.003 0.195

Nb +P 0.928 £0.022 1.030£0.017 1.850 x 10

w 1.126 £0.035 1.063 £0.036 4.120x 1073

W +P 1.200 £ 0.021 1.020£0.014 1.460 x 107

yet going down in Mo. However, it appears that it has a
consistent effect in lowering the leakage current. Given the
magnitude of the leakage current reduction, and the fact that
the Mo SBH actually reduced rather than increased, the reason
for the leakage current reduction appear attributable to more
than just the SBH. In [4], investigations into the interface
showed that potential leakage paths were being filled by the
P,Os treatment, and that the SiC subsurface may have been
doped by the phosphorous. To investigate further, information
on the band structures of the Schottky diodes was sought via
x-ray photoelectron spectroscopy (XPS).

IV. SCHOTTKY DIODE XPS INVESTIGATION

Four samples were prepared for XPS analysis with and
without the P,Os treatment, both as a bare pre-metallised
surface (2 samples) and fully fabricated Schottky diode with a
Mo layer sufficiently thin (3-4 nm) to analyse the interface
beneath it (2 samples). Core spectra were taken for Si 2p, C
Is, O 1s, P 2p and the valence band. The P 2p spectrum of
Fig. 5 shows the chemical state of the phosphorus: The P,Os-
treated surfacereceived an HF oxide strip and no metal
deposition and displays a P 2p 3/2 peak at 135.36 eV,
indicating P,Os, whereas in the sample with the thin Mo/4H-
SiC interface, it occurs at 132.86 e¢V. The bare P,Os-treated
surface indicates that the phosphorus does not react with the
SiC, but the shift after Mo metal deposition indicates that a
chemical reaction occurs between the P and the Mo. The
similarity to previously-reported metal phosphate spectra [12,
13] suggests that a Mo phosphate complex is formed at the
interface. However, the valence band spectra, shown in Fig.6,
determined a Fermi level of 3.05 eV above the valence band
edge for the untreated surface and 3.25 eV for the P,Os-treated
sample. This extremely high Fermi level indicates that the
phosphorus still acts as an n-type dopant at the surface, giving
it a degenerately n-doped surface/interface.
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Figure 5 P2p region showing a P,Os peak for the P,Os-treated bare surface
and for a Schottky sample with a 3-4 nm Mo layer.
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Figure 6 Valence band extraction for a measured control sample and
P205-treated sample including fits.

V. 3.3 KV JBS DIODES — ELECTRICAL RESULTS

Fully optimised 1.56 mm? Nb and Mo JBS were measured
up to 3.3 kV to investigate if the P,Os-treated diodes remained
beneficial when subject to the high current and high electric
fields of an industrially relevant power device structure. For
benchmarking reasons, the results were compared to a Ni JBS
diode of the same design. Firstly, the functionality of the
termination design was tested by breakdown measurements of
PiN diodes on the individual chips, eliminating the effect of
barrier lowering on the leakage performance, hence showing
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Figure 7 Leakage current measurement on PiN diodes (area is 1.56
mm?) at room temperature, up to 3,700 V.



Current (A)
a4 oA a a a a oa oa
o o o o o o o o
3 4 & & S o % .
Current (A)

-
e
3

0.0 0.4 0.8 1.2 1.6
Voltage (V)

Figure 8, left, the exponential turn-on characteristics of the small JBS
diodes (active area of 1.56 mm?). These results were used for the
extraction of barrier heights and ideality factors (extracted for current
values between 1 x 107 and 10 A ¢cm®) at room temperature. Right,
static on-state characteristics of the large JBS diodes (active area of

42.25 mm?).
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best possible leakage performance. As Fig. 7 shows, the
devices were able to successfully block voltages higher than
3.6 kV without an occurrence of premature breakdown.
Leakage currents exceeded a current level of 1 x 107 A only
at voltages higher than 3 kV, proving the general applicability
of the termination design irrespective of the surface treatment
or Schottky contact metal.

Having successfully demonstrated the termination design
using PiN diodes, the static characteristics of the JBS diodes
could now be measured. Exponential on-state characteristics
of small (active area of 1.56 mm?) JBS diodes can be seen in
in Fig. 8, while all the results are summarized in Table 2. A
reduction of barrier height due to P,Os treatment is evident
once more for the Mo devices, those with the treatment having
an average SBH of 0.86 eV, 0.3 eV lower than the average
untreated diode SBH. The treatment had a more minor effect
on the Nb diodes, where the treated devices had an average
SBH of 0.84 eV, an increase of 0.03 eV compared to the
untreated devices. Fig. 8 also shows the static on-
characteristics of the large (active area of 42.25 mm?) JBS
diodes up to 5 A. The Nb and Mo diodes were fairly
consistent, turning on after 0.5 V. A similar specific on-
resistance (Ron,sp) could be extracted across the entire dataset
from 15 mQ cm? (Mo,Ni) to 17 mQ c¢cm? (Mo + P>0s), to 18
mQ cm? for the Nb devices. This is consistent with previously
reported Ni 3.3 kV JBS diodes [14], which had a Ronsp of
12 mQ cm?. These results showed that the impact of the P2Os
treatment on barrier height lowering/ increase, is consistent
with the results in section III. The high current results do not
suggest a large advantage to using the treatment, but they

TABLE 2: Summary of measured barrier heights (average), ideality
factors (average) and reverse blocking (typical) measured at 1 pA for
1.56 mm? JBS diodes. Ron.sp for 42.25 mm? JBS diodes.

Contact metal /

VR at 1 HA RON.SP

treatment SBH (eV) Ideality factor ) (mQem?)
Mo 1.15+£0.03 1.03+0.04 1720 15
Mo + P 0.86 +0.05 1.04+0.01 3560 17
Nb 0.81 (typical)  1.07 (typical) 100 18
Nb + P 0.84+£0.06 1.02+0.01 900 18
Ni 1.50+£0.04 1.04 +£0.02 3300 15
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Figure 9 Leakage current measurements, up to 3,800V. Measurements
were carried out at room temperature. The device area is 1.56 mm?.

show no detriment, which is important given the impact the
treatment has on the off-state characteristics.

The off-state characteristics of selected ‘average’
1.56 mm? JBS diodes are depicted in Fig. 9. Once the leakage
current has exceeded the noise base of the equipment, barrier
lowering can be seen which causes a steady increase in
leakage with voltage in all shown devices. A general
correlation can be seen between the SBH extracted from the
on-state characteristics and the breakdown voltage and
leakage current profiles: Using a leakage currents of 1 pA as
a limit, the Ni devices reach this at 3300 V, the untreated Mo
device at 1720 V and the untreated Nb at just 100 V. However,
the most significant outcome of these results is the impact of
the P,Os treatment, which boosts the Mo voltage to 3560 V,
and the Nb to 900 V. These results suggest that the SBH
formed by the Nb diodes is likely too small to be a realistic
prospect for 3.3 kV diodes. However, the SBH of the Mo+P
devices appears to be high enough to support the rated voltage,
despite evidence that the Mo phosphate barrier may be lower
than the pure Mo. This, we suggest, is due to the effects
previously reported [4], that the P,Os treatment terminates
potential leakage paths at the SiC surface. This suggests that
to utilize Mo as a contact metal in SiC, a P,Os treatment is
useful in order to minimize leakage and maximise breakdown
voltage, actions that allow the scaling of the technology to

Diode
Lc AN under
Test
VDCC_‘) —Ne
4y MOSFET

Figure 10 Circuit diagram of the clamped inductive switching rig with
Vpc — DC Power supply, Rg - gate resistor, I - gate current, Lc —
Inductor.



Figure 11 Chip prototype package for the double-pulse switching test.
The substrate of the bare die was connected to the IMS board using
conductive silver paste. The terminals were soldered onto the board
after wire bonding. Then, the whole board was covered with silicone

gel, after having been placed in a 3D-printed box.

large current ratings, without exceeding industry standard off-
state leakage targets (typically 1 mA at the rated voltage).

Both the static on- and off-state results confirm the trends
which could be seen on unterminated device structures in
chapter III, proving the general applicability of the P,Os
treatment on optimised and multi-implanted power device
structures.

VI. DOUBLE PULSE SWITCHING TEST

The dynamic switching characteristics of the SiC JBS
diodes were tested using a clamped inductive switching circuit
([15-19]). The circuit schematic of the test rig is shown in
Fig.10, whilst the final packaging prototype can be seen in
Fig.11. Since the leakage performance of the Nb JBS diodes
was poor, this was only measured on the Mo (with and without
P,Os treatment) and the Ni JBS diodes. In the testing rig, the
switching events are dominated by the low side transistor,
which are then responded to by the high side JBS diode. The
switching rate of the bottom side MOSFET events were varied
by altering the gate resistance Rg, hence varying the RC time
constant.

A 1200V/20 A SiC MOSFET was used as a switching
device. The commonly used double-pulse switching setup was
implemented, in which the first pulse is used to charge the
inductor, whilst the second pulse is deployed to record the
turn-on and turn-off behaviour of both devices. For the
purpose of this investigation, measurements were carried out
at room temperature only, using a Vpc of 500 V and a gate
resistance of 18 Q. Measurements could not be carried out at
rated voltage due to limitations of the electric rig, but are
intended to serve as a precursor to verify the general switching
characteristics of the design.

The same JBS diodes (active area of 1.56 mm?) that had
undergone static characterisation were used. To enable
connection to the testing rig, each chip was placed on an
insulated metal substrate (IMS) board, where its 2 um thick
Al anode pad metal was bonded to the outer metal pads on the
board, before the terminals were soldered to the board. To
avoid arcing, the board was then placed in a 3D-printed
package, which was filled with silicone gel and left to cure at
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Figure 12 Turn-off characteristic of the measured devices.
Measurements were taken at room temperature using a Vpc of 500 V
and Rg of 18 Q. In the inset, the entire turn-off waveforms are shown.

room temperature overnight. Fig. 11 shows the final layout of
the devices which were tested in the switching rig.

In Fig. 12., the turn-off characteristic of the JBS diodes at
rated current (2 A) are shown. For the purposes of
benchmarking, this was compared to a commercially available
and already packaged 1,700 V JBS diode with slightly higher
current rating (5A). With the configuration, a moderate
current fall rate (dI/dt) of approximately 150 A/us could be
achieved for the commercial device, which was about 40 A/us
faster than for any of the measured Mo diodes, with the Ni
device showing the slowest response of all measured devices.
For the commercial devices, this comes at the expense of a
slightly higher reverse recovery current (Irr) of 2.82 A. All
the 3.3 kV JBS devices had Irr values of approximately 2.2 A.
The higher switching rates of the commercial device
(probably due to a difference in package) in combination with
the also increased reverse recovery current resulted in similar
extracted charge (Qr) values of approximately 78 nC for all
measured devices.

CONCLUSION

The application of a phosphorous pentoxide treatment
consistently lowered leakage current levels of Mo, W, and Nb
SBDs, with the treated W devices showing the most
significant reduction of four orders of magnitude. In the Mo
devices, the treatment resulted in a lower Schottky barrier
height, as extracted by the forward I-V characteristics.
However, the same process increased the SBH of the W and
Nb treated devices compared to the untreated devices. XPS
analysis on the Schottky interface revealed the formation of a
metal-phosphorus-oxygen complex at the Schottky interface.
Put together, this suggests that the metal phosphate that forms
with Mo has a lower work function that the original, resulting
in the lower SBH, whereas in the W and Nb, the resulting
phosphate has a higher work function greater than the original
metal. XPS also revealed that the P,Os treatment appears to
heavily n-type dope the Schottky subsurface (<50 nm), given
an increase in the valence band to fermi level offset to
3.25¢eV.

For the fully realized 3.3 kV PiN diodes, the functionality of
the hybrid termination was proven with breakdown voltages
exceeding 3,500 V on all measured devices. The on-state of
the JBS diodes was then characterised, where the same



impact of the surface passivation treatment on barrier heights
and ideality factors could be seen. All the large area devices
had a Rsp, on between 15-17 mQcm?. Most significantly, off-
state characterisation of the JBS diodes revealed a reduction
in leakage current levels and the maximization of the
breakdown voltage in the P,Os-treated samples, with the Mo
treated device showing leakage currents below 1 x 10 A up
to 3,560 V. The Nb devices had extreme leakage at low
reverse voltage, so only dynamic charactictics of the Mo and
Ni devices were then measured using a clamped inductive
switching circuit at room temperature. No difference was
evident between the devices, their switching performance all
similar to that of a commercial 1.7 kV diode, all devices
having Qg values of approximately 78 nC.

In summary, Mo appears to be an appropriate low work
function metal that could be used to realise SiC JBS diodes
rated at 3.3 kV and above with low on-state losses. However,
through a combination of effects, namely manipulating the
metal work function, doping the subsurface and terminating
defects, a phosphorous pentoxide treatment is an essential
step in minimising the off-state leakage, such that the optimal
breakdown voltage can be reached. While P,Os treatment
also benefits the Nb and W diodes, the resulting SBHs are
respectively too low (causing early onset leakage current) and
too high (resulting in large on-state losses), compared to the
P05 treated Mo devices.
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